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We present the G0W0 band structure, core levels, and deformation potential of monolayer FeSe
in the paramagnetic phase based on a starting mean field of the Kohn Sham density functional
theory (DFT) with the PBE functional. We find the GW correction increases the bandwidth of the
states forming the M pocket near the Fermi energy, while leaving the Γ pocket roughly unchanged.
We then compare the G0W0 quasiparticle band energies with the band structure from a simple
empirical +A approach, which was recently proposed to capture the renormalization of the electron-
phonon interaction going beyond DFT in FeSe, when used as a starting point in density functional
perturbation theory (DFPT). We show that this empirical correction succeeds in approximating the
GW non-local and dynamical self energy in monolayer FeSe and reproduces the GW band structure
near the Fermi surface, the core energy levels, and the deformation potential (electron-phonon
coupling).
I. INTRODUCTION
The report of superconducting transition temperatures
(Tc) as high as 100 K in monolayer FeSe on SrTiO3 (STO)
has inspired a wide range of interest in understanding its
electronic properties and the origin of the high Tc
1–7.
These high Tc are notable for being much higher than
that of bulk FeSe (Tc=8 K)
8 and other Fe-based su-
perconductors, such as SmOxF1−xFeAs (Tc=55 K)9 and
AxFe2−ySe2 (Tc =30 K)10. Angle-resolved photoemis-
sion spectroscopy (ARPES) reveals that doped mono-
layer FeSe supported on STO and other oxide subbstrates
has a Fermi surface consisting only of very small elec-
tron pockets at the corners of the Brillouin zone (the
M point)5,11,12, distinct from both bulk FeSe and bi-
layer FeSe, which both possess an additional hole pocket
around the Γ point12,13. Researchers have attempted
to understand the high Tc in supported monolayer FeSe
through a combination of explanations involving charge
transfer from the substrate 11,14–18 and coupling to inter-
facial phonon modes7,12,19,20.
Unfortunately, understanding the electronic structure
of FeSe is complicated by the fact that standard first-
principles approaches, like the semi-local generalized gra-
dient approximation (GGA) to the exchange within den-
sity functional theory (DFT), give results that do not
agree with experimental measurements of electronic21–24,
structural25, or magnetic properties25,26 for Fe-based su-
perconductors. For the electronic properties, it is well-
known that DFT overestimates the bandwidth of the M -
point electron pocket in FeSe compared to experiment.
This overestimation of the bandwidth is a problem com-
mon to DFT calculations on metallic systems and can
be corrected by accounting for electron-electron interac-
tions in the self energy at higher levels of theory, such as
GW27. GW and dynamical mean field theory (DMFT)
calculations on bulk FeSe result in band narrowing and
improved agreement with the experimental bandwidths
and the magnetic ground state28–30.
Remarkably, adding a simple empirical correction to
GGA at the PBE level (GGA+A) selects a ground state
of FeSe that is largely consistent with experiment and
greatly enhances the deformation potential, resulting in
a concomitant increase in the electron-phonon coupling
in DFPT calculations, in good agreement with inelastic
tunneling data31. This approximation of the self energy
by a simple local potential on the Fe sites can be justi-
fied if the self energy in FeSe is mostly local in real space,
as shown to be true in Refs. 30 and 32, and largely fre-
quency independent. Here, we evaluate the accuracy of
the GGA+A approach by comparing the electronic struc-
ture of monolayer FeSe obtained within GGA+A with the
electronic structure from the ab initio G0W0 approach
which employs a non-local and frequency-dependent self
energy. We focus here on the isolated FeSe monolayer
in the nonmagnetic phase, leaving consideration of the
antiferromagnetic phase to future work. We address how
different treatments of the frequency-dependence in the
GW self energy affect the electronic structure of mono-
layer FeSe and find that the GW approach increases the
effective mass of the electron pocket at the M point by a
factor of 1.5 compared to the effective mass at the GGA-
PBE level and that the GW approach leaves the Γ pocket
mostly unchanged, compared to GGA-PBE. Finally, we
compare our G0W0 results with GGA+A
31 and find that
the latter correction to DFT-PBE can accurately repro-
duce the GW band structure both for low-lying states
and states near the Fermi level, suggesting that the self
energy can be well-approximated by a local, static po-
tential for the states in this material.
The paper is organized as follows. In section II, we dis-
cuss our computational methodology. In section III, we
present the calculated GW band structure for monolayer
FeSe. In section, IV, we present results for DFT with an
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2empirical local correction on the Fe sites discussed above
and compare with the GW results. We summarize in
section V.
II. METHOD
The mean field starting point for our ab initio G0W0
calculation33 is obtained from density functional theory
(DFT)34,35, as implemented in Quantum ESPRESSO36,
in the generalized-gradient approximation (GGA) for
the exchange-correlation energy functional as proposed
by Perdew, Burke and Ernzerhof (PBE) 37. The in-
plane lattice constant is fixed to the lattice constant of
SrTiO3, and the atomic positions are fully relaxed. The
calculation uses a supercell geometry, optimized norm-
conserving Vanderbilt (ONCV) pseudopotentials from
the library of D.R. Hamann38 with the 3s and 3p semi-
core states included as valence states of the Fe atom, and
a wavefunction cutoff of 100 Ry. The FeSe monolayer is
doped with 0.24 electrons per unit cell to represent the
doping of FeSe on STO. The dimension of the supercell
is 15 A˚ in the out-of-plane direction. While the experi-
mental magnetic ground state of FeSe is under debate, all
calculations here are done for the non-magnetic ground
state of FeSe, so that all approaches can be compared
within the same electronic ground state.
III. G0W0 BAND STRUCTURE
We first focus on the band structure, plotted using
Wannier interpolation, of monolayer FeSe near the M
point as shown in Fig. 1 and near the Γ point as shown
in Fig. 2.
There are several bands that cross the Fermi surface
near the M point. The inner band (labelled 1 in Fig. 1)
consists of mostly Fe dzx and dzy character (colored
green) and forms an electron pocket, which we will re-
fer to as the M -pocket. The bandwidth, EM , is defined
as the energy difference between the bottom of the M
pocket and the Fermi energy EF , which is set to 0 eV.
At the DFT-GGA level, EM = 0.383 eV. Including the
self energy at the GW level reduces the occupied band-
width EM . With a one-shot G0W0 correction, the M -
pocket width is reduced by 0.132 eV when the frequency
dependence is approximated by the HL-GPP model33
and by 0.096 eV when the full frequency dependence of
the dielectric screening is included in the self energy39,40.
The second highest band (labeled 2) is also composed of
mainly Fe dzx and dzy character (green color) and crosses
the Fermi energy along the M to X direction only, where
it is degenerate with band 1.
Two lower bands at the M point, labelled 3 and 4, con-
sist of mainly Fe dxy and dx2−y2 character (blue color)
and lie below the bottom of the electron M -pocket. We
label the energy difference between band 3 (or band
4, with which it is degenerate at M) and the bottom
of the electron M -pocket, as δM , and δM is 0.131 eV
at the DFT-GGA level. The energy difference δM in-
creases when the GW self-energy correction is included.
However, this is quite sensitive to the treatment of the
frequency-dependence of the dielectric screening in the
self energy. With a generalized plasmon pole model, δM
increases to 0.223 eV at the G0W0 level. When the full
frequency dependence is used, however, we see that δM is
relatively unchanged from DFT-GGA, increasing only to
0.151 eV. Band 3 crosses the Fermi surface along the M
to Γ direction. At the GW level, this crossing is moved
further away from M toward Γ, consistent with an elon-
gation of the Fermi surface along the M to Γ direction.
The Fermi surfaces are shown in Fig. 3.
The band structure near the Γ point is shown in Fig. 2.
The depth of the Γ pocket, which we label EΓ, is roughly
the same at the GGA and GW levels. The bandwidth
decreases slightly by 0.015 eV when the generalized plas-
mon pole33 is used in the GW calculation and increases
slightly by 0.006 eV, when the full frequency dependence
is used39,40. Including the self-energy effects at the GW
level does not eliminate the Γ pocket, but experimen-
tally no Γ pocket is observed in ARPES measurements.
We assign this discrepancy to the fact that our GW cal-
culations do not include the effect of antiferromagnetic
fluctuations, which remove the Γ-pocket from the calcu-
lations, even at the GGA level41.
The Fermi surfaces at the GGA and G0W0 HL-GPP
levels are shown in Fig. 3. The Fermi surface changes
considerably at the GW level, becoming larger and more
elongated at the M point and becoming larger with no
band crossing at the Γ point.
ARPES experiments for monolayer FeSe on STO re-
port a Fermi surface that consists only of small elec-
tron pockets around the M point, which has an occu-
pied bandwidth, EM of 0.06–0.08 eV
2,11,12. Direct com-
parison with the experimental band structure is difficult
because it is not clear whether the ground state of mono-
layer FeSe is antiferromagnetic or paramagnetic. ARPES
spectra of monolayer FeSe on STO closely resemble the
DFT band structure of the paramagnetic ground state
near the M point but also resemble the DFT band struc-
ture of the checkerboard antiferromagnetic ground state
near the Γ point where the band forming the hole pocket
in the nonmagnetic state is pushed completely below the
Fermi level41–45. There are also suggestions that the sur-
face termination of STO may remove the Γ pocket in the
nonmagnetic state46. However, if we move the Γ-pocket
below the Fermi level—in order to mimic the effect of
electron transfer from STO —and recalculate the occu-
pied bandwidth at M , the bandwidth decreases to 0.2 eV,
which is still about twice the experimental width. Thus,
like the case of bulk FeSe30, the GW approximation does
not capture the full renormalization of the M pocket in
monolayer FeSe, at least if one assumes that there is no
influence by the STO substrate other than being a source
of electrons and strain.
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FIG. 1. The band structure of the electron pocket near the M point with path taken along the X → M → Γ direction
at different levels of theory. Different colors indicate contributions from different atomic orbitals (amount of green color is
proportional to the contribution of dzx and dzy, blue to dxy and dx2−y2 , and red to the contribution from dz2 , which is
negligible). The Fermi level (EF ) is set at zero. The GW bands are calculated at the G0W0 level with frequency-dependence
in the dielectric screening treated within the HL-GPP model.
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FIG. 2. Band structure of the hole pocket near the Γ point with path taken along the M → Γ → X direction at different
levels of theory as in Fig. 1. Different colors indicate contributions from different atomic orbitals (the amount of green color is
proportional to the contribution of dzx and dzy, blue to dxy and dx2−y2 , and red to dz2). The Fermi level (EF ) is set at zero.
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FIG. 3. Fermi surface with pockets at Γ and M (kx = ky = 0.5) points at different levels of theory. The GW results are
calculated at the G0W0 level with frequency-dependence in the dielectric screening treated within the HL-GPP model.
4FIG. 4. Energy levels for occupied states at the Γ point
in monolayer FeSe as calculated at the DFT level, G0W0
level with the frequency-dependence in the screening captured
within the HL-GPP model, and at the +A level with a static,
semilocal approximation to the self energy.
IV. COMPARISON OF GW RESULTS WITH
GGA+A RESULTS
In order to describe the electronic structure of FeSe,
it is necessary to go beyond DFT and describe accu-
rately the electron self energy using methods such as
GW or DMFT. However, such methods tend to be ex-
pensive computationally. Next, we discuss the use of a
local, static empirical potential to approximate the self
energy (GGA+A). In this approach, we replace the ex-
change correlation potential VGGA(r) within the Kohn-
Sham DFT with
VGGA(r) +A
∑
i
f(|r− ri|), (1)
where f(|r− ri|) describes a repulsive potential centered
around the position of each Fe atom (ri) and A is an
empirical fitting parameter. Previously, Ref. 31 showed
that such an empirical correction, when fit to the exper-
imentally known M pocket width, greatly enhances the
electron-phonon interaction in an FeSe monolayer. While
these results were intriguing, it remained unclear how
such a potential might affect the electronic structure for
states far from the M -pocket, where the ”A” parameter
is fit, and for which no experimental data is available.
We fit the GGA+A expression in Eq. 1 to the M
pocket width from our G0W0 calculation with frequency-
dependence of the screening described with the HL-GPP
model. We used a potential of the form
f(r) = e−r
2/a20 , (2)
where a0 is the bohr radius and find a best fit with
A = 0.25 Ry. To mimic one-shot GW, in the results
we present, we do not self-consistently update the GGA
wavefunctions after adding +A. However, we find that
self-consistency does not change the quality of the fit as
long as A is tuned. We find that with only a single pa-
rameter fit to reproduce the GW band structure near the
M pocket, GGA+A accurately reproduces the GW en-
ergies at Γ for the Fe 3d states as well as the low-lying
Se 4s and 4p states (Fig. 4). The GGA+A band struc-
ture near EF at the M and Γ points is shown in Figs. 1
and 2, respectively. The Fermi surface at the GGA+A
level is shown in Fig. 3. We find that GGA+A qualita-
tively reproduces the changes to the band structure and
the Fermi surface at the GW level (though the GGA+A
gives a slightly larger Fermi surface) and agrees quanti-
tatively with the GW energies to within 50 meV. This
suggests that this method is surprisingly powerful, re-
quiring only a single fitting parameter to reproduce most
features of the a GW calculation with a computationally
less expensive DFT–like calculation.
The good agreement between GW and GGA+A sug-
gests that the real part of the GW self energy can be ap-
proximated by a local, static potential for this system. To
better understand the dynamical and non-local contribu-
tions to the self energy, we examine the one-shot GW self
energy in the static limit (static-COHSEX approxima-
tion). In the static-COHSEX approximation, the occu-
pied band width at M dramatically increases to 0.63 eV.
The energy gap δM closes, and the lower M point bands
(labelled 3 and 4) cross the upper bands (labelled 1 and
2) so that the band maximum of band 3 and 4 is 0.21 eV
higher than the bottom of the M pocket. The electron
pocket at Γ disappears, as the entire band is pushed be-
low the Fermi level.
In the dynamical GW calculation, the renormalization
constant is
Znk = (1− ∂Σnk(E)
∂E
|E=EQPnk )
−1, (3)
where (nk) are the band and wavevector indices, respec-
tively, Σ is the GW self energy and EQP is the quasi-
particle energy. Znk gives the weight of the quasiparti-
cle peak in the spectral function. For monolayer FeSe,
Znk is between 0.77 and 0.78 for all bands within 1 eV
of the Fermi level at all k points in the Brillouin zone.
Given the significant deviation of Znk from 1, the large
difference between the GW and static-COHSEX results
is not surprising, but this raises the question of why the
static GGA+A potential is so successful at reproducing
the GW quasiparticle band structure, when the static
5limit of the GW approximation itself leads to very dif-
ferent results. The GW self energy can be written in
terms of a Coulomb-hole term, ΣCOH, and a screened-
exchange term, ΣSEX. In the static-COHSEX approxi-
mation, ΣCOH can be written as a local potential, and
the non-local contribution to ΣSEX is generally small33.
Thus, we might expect a tunable local potential to be
able to approximate the static-COHSEX self energy.
To account for the dynamical effects, one must then
analyze the source of the error in the static-COHSEX ap-
proximation, which comes from the assumption of an adi-
abatic accumulation of the Coulomb hole in the screened
Coulomb interaction 33,47,48. Numerically, Kang and Hy-
bertsen have found that this error manifests in a dif-
ferent wavevector dependence between GW and static-
COHSEX of ΣCOH and can be corrected by introducing
a static scaling function in the Coulomb-hole term in the
static-COHSEX approximation49. For the case of FeSe,
we find that the difference between the static-COHSEX
and GW self energies manifests primarily as a smooth
wavevector-dependent shift in the magnitude of the self
energy. In the vicinity of the Fermi energy, this shift
is nearly uniform and thus easily captured by a tunable
local potential of the form of f(|r−ri|) used in GGA+A.
In addition to the energy levels, we also examine the
change in the band structure as the Se height is changed.
The gray lines in Fig. 5 show how the band structure
energy near the M point changes as the Se height is
increased by 0.15 Bohr. The deformation potential for
bands 1 and 2 (green) at the M -point is similar in mag-
nitude for GGA-PBE, G0W0 with frequency-dependence
in the dielectric screening at the HL-GPP level, and
GGA+A (it is 35 meV, 24 meV, and 44 meV respec-
tively). It is, however, very different for bands 3 and 4
(blue). In DFT the change in the bands 3 and 4 with
Se height displacement is 6 meV, while it is 43 meV and
46 meV in GW and GGA+A.
V. SUMMARY
We present first-principles calculations of the electronic
structure of monolayer FeSe at the GW level. We find
that compared to DFT-GGA, GW increases the effective
mass at the M point, resulting in improved agreement
with experiment. Moreover, we show that the GW re-
sults for the quasiparticle band structure and deforma-
tion potentials can be reproduced to good accuracy at
the DFT level with a semi-empirical correction involving
only a single parameter, suggesting that such a correc-
tion, when parameterized by experiment or smaller-scale
calculations at higher levels of theory, can be justifiably
used to approximate the self energy correction to the
band structure at greatly reduced computational cost.
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